Biodegradable and renewable polymers, such as polylactic acid, are benign alternatives for petrochemical-based plastics. Current production of polylactic acid via its key building block lactide, the cyclic dimer of lactic acid, is inefficient in terms of energy, time, and feedstock use. We present a direct zeolite-based catalytic process, which converts lactic acid into lactide. The shape-selective properties of zeolites are essential to attain record lactide yields, outperforming those of the current multistep process by avoiding both racemization and side-product formation. The highly productive process is strengthened by facile recovery and practical reactivation of the catalyst, which remains structurally fit during at least six consecutive reactions, and by the ease of solvent and side-product recycling.
D
evelopment of biodegradable plastics is part of the long-term solution of mitigating the negative environmental consequences of plastic pollution, exemplified by marine accumulation of inert microplastics (1, 2) . Polylactic acid (PLA) is the major synthetic bio-based plastic on the market, and it serves in an impressive range of applications (3) (4) (5) . Despite its environmentally benign performance in life-cycle assessments (6), a firm economic driver for megaton-scale PLA production is missing because of its high manufacturing and feedstock costs (2, 4) . The current PLA production begins with the anaerobic fermentation of renewable sugars to aqueous (usually L-) lactic acid (LA) (Fig. 1) . Though cost-and waste-efficient production of large volumes of LA is challenging by current fermentation processes, a slow but steady access to cheaper LA is forecasted because of novel emerging catalytic routes to LA directly from renewable (sugar, glycerol) feedstock (7) (8) (9) and concurrent progress in biotechnology (10) . The industrial route to PLA from LA relies on the intermediate synthesis of lactide, the cyclic dimer of LA (Fig. 1 ). This dimer is converted to quality PLA through a controlled ring-opening polymerization (3). Unfortunately, current lactide production is very costly and therefore one of the great challenges in the large-scale production of PLA (4).
The current two-stage process for lactide synthesis from LA proceeds via polycondensation of L-LA with water removal to a prepolymer, followed by a reaction releasing lactide from the chain (Fig. 1, red frame) . The second stage involves an endothermic transesterification, which is facilitated by the presence of nonrecoverable soluble metal salt (8) . To avoid the thermodynamically favored reverse reaction in this stage, continuous removal of lactide (e.g., by distillation) is essential. Both stages are time-and energyintensive owing to their reliance on high temperatures in vacuo. Moreover, moderate L,L-lactide selectivity (50 to 60%) is achieved, mainly due to racemization leading to unwanted D,L-lactide and formation of polymeric waste residue (11) (12) (13) . The two-step process thus involves strenuous downstream purification. An ideal one-stage alternative route for lactide formation should therefore involve LA dimerization to linear dimer (L 2 A) and its direct cyclization by condensation, during water-removal (Fig. 1 , blue frame). This route is only possible if the competitive, thermodynamically (and by higher reaction order) favored growth of oligomers can be stopped (14, 15) . The absence of selectivity control in concentrated, processrelevant LA solutions during condensation explains the current use of the two-step procedure.
Steering the outcome of a reaction with heterogeneous catalysts is omnipresent in the petrochemical industry, and promising examples in the conversion of sugars have emerged as well (7, (16) (17) (18) (19) . Zeolite catalysts, in particular, are well known for product selectivity control due to pore confinement effects. This type of steering, known as shape selectivity since Weisz (20) , is key in the synthesis of refinery products (21, 22) , organic transformations (23) , and biomass pyrolysis (24) . The use of this concept (and of heterogeneous catalysts in general) in the valorization of bio-based chemicals to bio-based polymers is unexplored but could offer unrivaled advantages.
Therefore, we investigated the direct conversion of concentrated aqueous LA to lactide with Brønsted acidic zeolite catalysts. The rationale for the use of zeolites is their ability to facilitate condensation reactions and the large molecular differences, both in size and functionality, between (growing) oligomers and cyclic lactide. This contribution realizes fast and selective lactide synthesis directly from LA, by using microporous 12-membered ring H-zeolites under continuous water removal via solvent reflux. Record lactide space-time yields of >250 g liter
, devoid of racemization, are attained with our onestep process, by steering away from lactyl oligomers in the reaction (Fig. 1) . The combination of the zeolite's stability and its reuse potential with the ease of product separation, solvent recovery, and side-product reintegration allows us to propose a highly competitive lactide production process.
In particular, zeolite H-Beta is highly selective for lactide synthesis, yielding nearly 79% at full LA conversion, compared to 2% at only 35% conversion in the absence of a catalyst (for analysis, see Materials and Methods, figs. S1 to 3). Common soluble acid catalysts, such as sulfuric and sulfonic acids, accelerate LA condensation, mainly to lactyl oligomers instead of lactide ( Fig. 2B and fig. S4 ), with the number-average oligomer length, n, exceeding a value of 10. Pronounced oligomerization is clearly the effect of an unselective acidcatalyzed condensation under water removal, in line with the well-known polydisperse LA polycondensation via solvent reflux (3). Macroporous resins like Nafion and Amberlyst show a product slate similar to that of the soluble acids and only yield about 20% of lactide at full LA conversion. High-performance liquid chromatography (HPLC) product profiles nicely illustrate the zeolite-induced lactide-selective condensation control compared to an unselective resin catalyst (Fig. 2C and fig. S5 ). The open resin forms oligomers according to Flory-Schulz-like kinetics, whereas the zeolite converts LA almost quantitatively into lactide and only a minor portion of short oligomers, being mostly L 3-4 A at full LA conversion. The catalytic results of an acidic mesoporous aluminosilicate, H-Al-MCM-41, with pore diameters about four times that of zeolite Beta ( fig. S6) , emphasize the zeolite's shape-selective control, as it is clearly less selective (and active) toward lactide (Fig. 2B) . The presence of Brønsted acidity is essential, as a zeolite in its nonacidic form (NH 4 -Beta, Si/Al = 12.5) and a low-aluminum HBeta (Si/Al = 180) showed almost no conversion and very low lactide yields on top of an auto-catalyzed background reaction (table S1
Accumulation of linear dimer (L 2 A) at short contact times points to its key role as primary product en route to lactide (Fig. 2, A and D) . It results from the energetics of the discrete reaction pathways in the zeolite, ring-closing condensation of L 2 A to lactide being more demanding than LA dimerization. We assessed the kinetics of the overall reaction at varying reflux temperatures with the same solvent by reducing pressures (figs. S7 to S9). The apparent activation energy (E A ) of the overall reaction with H-Beta roughly amounted to 75 kJ mol −1 , an expected value for condensation chemistry, pointing to the absence of pore-diffusion limitation in the ratelimiting event (25) . As the conversion of the linear dimer L 2 A showed a very similar apparent E A value, yielding 93% lactide at full conversion (table S1), the zeolite-catalyzed LA conversion to lactide runs in chemical regime, with ringclosing (and thus lactide formation) determining the reaction rate. Henceforth, the use of higherboiling point solvents and thus reaction temperatures (figs. S10 and S11) will allow the formation rate of lactide to be increased. In o-xylene, 83% of lactide at full conversion was thus attained, at an initial rate of 19.9 mM hour −1 compared to 79% yield at only 3.2 mM hour −1 in toluene. Xylenes are benign toluene substitutes, and promising renewable routes for their production have been reported (24) . Our zeolite-catalyzed reaction in oxylene is both fast and selective. In a reactor holding 9 weight % (wt %) of LA and 5 wt % of zeolite with respect to the solvent, volumetric lactide productivities (space-time yields) around 170 g liter process, starting from enantiopure L-LA (11) (12) (13) . D,L-from L,L-lactide separation is a decisive costdetermining factor.
The high lactide selectivity in the presence of microporous zeolites like H-Beta is a shapeselective effect, in accordance with Weisz's original definitions. A shape selectivity factor of 7.5 may be calculated, being clearly larger than unity (20) . Because only short oligomers like di-and trimers were noticed in the zeolite crystal (extraction experiments of spent zeolite; see supplementary text), restricted growth of lactyl oligomers in the zeolite seems to be the basis of the shape selectivity. As a consequence, aside from the equilibrium nature of these reactions, zeolite pores are not blocked substantially, in contrast to the commonly reported deactivation of zeolites in biomass conversions involving irreversible tar and humin formation (26) . Instead, lactic acid is converted to lactide in the absence of transport phenomena, resembling the characteristics of transition-state shape selectivity. This is corroborated by (i) the high observed E A of lactic acid to lactide conversion; (ii) the intermediate accumulation of L 2 A (Fig. 2D and fig. S11 ); and (iii) the identical lactide kinetics of a custom-made H-Beta zeolite with 30 to 50 times enhanced crystal sizes but similar Brønsted acid content ( fig.  S12 ). Whether the shape selectivity has a thermodynamic basis (27) , or whether pure steric constraints (20) are involved, remains an open question.
The promising catalytic data prompted us to conceive an integrated process using practical reactor technology (Fig. 3) . The zeolite-catalyzed reaction is carried out in a stirred tank reactor (R1) in an organic solvent under reflux, entraining condensation water, with a phase settler (P1) separating removed water from the waterimmiscible solvent. When a dried solvent is returned from the settler, a lactide yield of 85% in toluene is obtained ( fig. S13) . Ideally, the outlet should continuously be subjected to liquid-liquid extraction (S1) with water, the polar small oligomeric acids preferring the aqueous phase, and the apolar lactide nearly exclusively residing in the solvent (98% pure, batch extraction fig. S14 ). An evaporator (E1) allows solvent recovery and convenient L,L-lactide crystallization ( fig. S15 ). The aqueous effluent of S1 is easily recycled because lactyl oligomers are prone to spontaneous hydrolysis in excess of water (R2) (14) . The resulting LA can be reinserted into P1, as the process is flexible in the amount of water initially present in the feed ( fig. S16) , an important trait when adapting this process to the dilute fermentative LA production. The process scheme in Fig. 3 essentially highlights the complementarity of the selectivities of both catalyst and extraction, as well as water removal via solvent distillation and lactide crystallization. A highly carbon-efficient process is thus obtained, with a minimal number of unit operations. The stability and reusability of the H-Beta zeolite catalyst were verified by six consecutive runs in o-xylene (in both initial and productive conditions) using intermediate calcination at 550°C. Full activity and selectivity regeneration were possible in each run (Fig. 3) , and characterization showed that the zeolite did not change structurally (figs. S17 and S18).
The applicability of this process to other a-hydroxy acids of interest in polyester chemistry such as a-hydroxy-butyric and a-hydroxy-butenoic acids is encouraging (8, 28) . Highly selective ethylglycolide synthesis has been demonstrated (88% yield, fig. S19 ), as well as the synthesis of an asymmetric dimer by feeding a mixture of acids. These building blocks, for which traditional synthesis is cumbersome (29) , grant access to a range of novel functional polyesters (tentatively drawn in fig. S20 ). The versatile zeolite technology may therefore facilitate the synthesis of a wide range of renewable, highly performant, and degradable bio-based plastics.
sciencemag.org SCIENCE Fig. 3 . H-Beta zeolite-based process scheme for making lactide. Feedstock, product, and solvent fluxes based on an exemplary 100-g input of aqueous LA, extrapolated from small-scale batch reactions and extractions. R1: main catalytic reactor; P1: phase settler. R1 and P1 guarantee reflux with water removal at constant solvent volume. S1: liquid-liquid extraction solvent-water; E1: solvent evaporator/lactide (LD) crystallization; R2: reactor for oligomer hydrolysis. Inset: zeolite reuse study in initial (dark blue) and productive conditions (light blue).
